For predicting strong ground motions from major earthquakes and for close investigations into complex rupture processes, two different analytical and semi-empirical approaches are used to synthesize seismic waves from a nearby fault with a large linear dimension. The former technique is to calculate Green's functions for a horizontally layered structure by the discrete wavenumber/finite element method, and the latter is to use the records of minor shocks as empirical Green's functions by convolving a correction function for the differences in the source functions and the receiver responses between the main and smaller events. In both cases, the phase-delayed Green's functions are integrated over the entire fault surface.
For predicting strong ground motions from major earthquakes and for close investigations into complex rupture processes, two different analytical and semi-empirical approaches are used to synthesize seismic waves from a nearby fault with a large linear dimension. The former technique is to calculate Green's functions for a horizontally layered structure by the discrete wavenumber/finite element method, and the latter is to use the records of minor shocks as empirical Green's functions by convolving a correction function for the differences in the source functions and the receiver responses between the main and smaller events. In both cases, the phase-delayed Green's functions are integrated over the entire fault surface.
The above methods have been applied to the case of the 1969 central Gifu earthquake (M=6.6) which was followed by moderate aftershocks (M=4.3-4.8) and a number of smaller events. It was found that the waveforms synthesized from the two approaches agree reasonably well with each other. The strong-motion records, particularly of body waves and the major portion of surface waves with periods longer than 5-7 s, can be satisfactorily modeled by the theoretical synthesis with a realistic structure and also by the semi-empirical analysis using four aftershock records, if reasonable rupture velocities and rise times are assumed.
However, the shorter-period waves with periods 1-2 s involved in the records cannot be simulated by either of these syntheses, unless incoherent rupture propagation over the fault is included. A stochastic fault model with variable rupture velocities over large-scale fault segments is tentatively presented to account for the short-period waves.
1
. Introduction
Seismic waveforms observed in the near-field during major earthquakes depend primarily on complex dynamic rupture processes on the fault, but also on * Present address: Meteorological Research Institute , Japan Meteorological Agency, Tsukuba, Ibaraki, Japan heterogeneous crustal structures around the source, and propagation and recording site effects. For the purpose of predicting strong motions from a large earthquake, all these effects should be fully taken into consideration. In order to investigate the complex faulting process from strong motion records, on the other hand, the effects of wave propagation through a heterogeneous earth must first be understood.
A number of theoretical studies have so far been developed to predict seismic waveforms and to simulate the observed seismograms of strong ground motions in the near-field. The earlier and most fundamental work (AKI, 1968; HASKELL, 1969) uses simple dislocation sources in an infinite homogeneous medium (MARUYAMA, 1963; BURRIDGE and KNOPOFF, 1964) , and later on double-couple point sources in a half-space (e.g., KAWASAKI et al., 1973 KAWASAKI et al., , 1975 , incorporating the free surface effect. It has been found that these simple models are useful for simulating mainly long-period direct body waves, and also converted body and Rayleigh waves in the latter case. Observed seismograms, however, usually reflect propagation through a more complicated structure, including high-frequency seismic waves refracted and reflected at many small-scale geological boundaries in the real earth's structure. Theoretical approaches have since been advanced to incorporate the seismic wave response of more realistic, horizontally layered crustal structures. The response of the medium due to a double-couple point source, or Green's function, has been calculated by various analytical techniques: generalized ray theory (e.g., HELMBERGER, 1968; HELMBERGER and MALONE, 1975; HELMBERGER, 1977, 1978) , Cagniard-deHoop method for a series of multiply-reflected rays (SATO, 1977 (SATO, , 1978 , reflectivity methods (FUCHS and MULLER, 1971; KENNETT, 1974; KENNETT and KERRY, 1979) , direct frequency-domain integration (HERRMANN and NUTTLI, 1975a, b; HERRMANN, 1977; WIGGINS et al., 1977) , normal mode method (e.g., KAWASAKI, 1978; SWANGER and BOOR, 1978) , discrete wave-number method (BOUCHON, 1979 (BOUCHON, , 1981 , reflectivity method together with the Cagniard-deHoop integration (SATO and HIRATA, 1980) , and by the discrete wave-number/finite element method (ALEKSEEV and MIKHAILENKO, 1980; HRON and MIKHAILENKO, 1981; OLSON, 1982) . The last may be the most comprehensive method to generate the complete response of a vertically heterogeneous medium, including all types of body and surface waves. Practical examples of numerical calculations based on this method will be presented in later sections.
However, the real earth's structure travelled by seismic waves may be much more complicated than assumed above, which includes lateral heterogeneities, attenuative properties, and even local topographical site effects, and hence their complete modeling would be extremely difficult. To overcome this difficulty, a semi-empirical approach has been presented by HARTZELL (1978) to model strong ground motions from a large earthquake using its aftershock records as an empirical earth's response. This is based on the idea that if the source of a minor shock, such as a foreshock or aftershock, is small enough to be approximated as a point source on the main shock fault, the ground motion associated with the small event may be regarded as a Green's function which involves all the propagating effects from the source to receiver. This technique first applied to the 1940 Imperial Valley earthquake has proved effective to simulate long-period components (T> 8 s) of the main-shock seismograms (HARTZELL, 1978) . Similar approaches have been employed to predict the velocity spectra, peak accelerations, and the maximum duration of ground motions from large earthquakes with complex multiple event (KANAMORI, 1979; HADLEY and HELMBERGER, 1980) . IRIKURA and MURAMATL (1982) , IMAGAWA and MIKUMO (1982), and IRIKURA (1983) have extended Hartzell's method by convolving the phase delayed records with a specific time function to correct for the difference in the source time function and other fault parameters between the main shock and smaller events.
In all these cases, however, the small shocks should have the same focal mechanism as the main shock event and should also be large enough to excite the response sufficiently above the noise level (HARTZELL, 1978) . Besides these limitations, it is essential that these small events with appropriate sizes be distributed over the entire fault of the main shock, for the synthesis of ground motions for the main event. This is required since the Green's function depends on the location on the fault surface and on the recording site, and hence its form differs considerably from place to place.
The final goal of our studies is to infer dynamic faulting processes of major earthquakes using strong motion records, which may be characterized by incoherent rupture propagation, non-uniform slip displacements, complex source time functions, etc. As a first step toward this goal, we attempt in the present paper to synthesize ground motions from a moderate earthquake by applying both of the analytical and semi-empirical techniques described above. The utility of the two methods in modeling the actual ground motions are carefully compared, and their applicability to further investigations into more complex faulting processes are discussed. As a next step in this study, we tentatively introduce a stochastic fault model with variable rupture velocities to provide a possible explanation for the high-frequency waves which are seen in the observed seismograms but could not be explained by a simple, uniform rupture.
Methods for Theoretical and Semi-Empirical Synthesis of Ground Motions
The methods we used here for the synthesis of ground motions from a main shock are essentially based on the representation theorem for a kinematic dislocation model in an elastic medium. The displacement field due to a slip dislocation over a fault S can be expressed by (e.g., BURRIDGE and KNOPOFF, 1964) ( 1) where ui(y, t) is the i-th component of displacement at a location y and time t, N. MIKAMI, and T. MIKUMO S(x,t) is 
where the subscript j refers to the j-th fault segment, the symbol * indicates a con- 
In order to calculate the Green's function gij(t), we use the discrete wavenumber/finite element method (abbreviated as the DWFE method) presented recently by OLSON (1982) , which is similar to that given by ALEKSEEV and MIKHAILENKO (1980) . The DWFE method yields the complete elastic response of a vertically heterogeneous medium, by combining separable solutions of the elastic equations for the horizontal dependence of the wave motion in terms of a Fourier-Bessel series, with finite element and finite difference solutions for the vertical and time dependence (OLSON, 1982) . For numerical calculations, we used a computer program originally written by A. Olson, and somewhat modified for our purpose. g(t) obtained from this method includes all types of body and surface waves, and also near-field terms. The Green's functions are then convolved with the slip function multiplied by the second order moment tensor and spatially integrated over the fault surface to obtain the theoretical displacements, as given by Eq. (3). 
where the subscript A denotes the quantities belonging to the minor event that occurred at the j'th location. The fault area of the main shock is then divided into a finite number of segments with a unit dimension equal to the source area of the small events, i.e., Lj=LA, Wj=WA. The main-shock seismogram may be synthesized from a modified form of Eqs. (3) and (5). (7) Taking the Fourier transform of Eqs. (6) and (7), we have 
where (11) (MIKUMO, 1981; IMAGAWA and MIKUMO, 1982) . (12) qi(t) and q(t) are correction functions for the differences in the source time function between the main shock and smaller events, and also between the instrumental responses used for recording the two different types of shocks. and their focal depths range between 2 and 12 km. Among these aftershocks, we selected four aftershocks with magnitudes 4.3, 4.8, 4.5, and 4.6 that occurred from northwest to southeast along the presumed main shock fault. The aftershocks were recorded by Wiechert-type seismographs (with a magnification 80) the Gifu station. Figure 2 shows the locations of the presumed fault, the main shock, and the four aftershocks used in the present study. The strong-motion records of the main shock and the aftershock records are shown in later sections.
Results from Theoretical Synthesis
In this section, we calculate, as a first step, theoretical Green's functions using the DWFE method to estimate the effects of crustal layering and source depth by comparing them with the corresponding aftershock records. For the crustal structure appropriate to the profile between the source area and the Gifu station, we tentatively adopt a velocity model (UKAWA and FUKAO, 1982) which has been obtained for the Chubu region, Honshu, Japan, using P and S wave arrival times from crustal and subcrustal earthquakes. The velocity structure, designated Model 1, is given in Table 1 and Fig. 3 . The Green's functions calculated for epicentral locations of aftershocks No. 2 and No. 4 and for five different source depths in this structure are shown in Figs. 4 and 5, together with the corresponding aftershock records. Each of the calculated traces includes the seismograph response, and is normalized to have the same maximum amplitude in these figures. The cut-off frequency in this calculation is 1.2 Hz. We assume a point disloca- again that this portion is surface waves amplified by the surficial layers. It has thus been demonstrated that the theoretical synthesis from the Green's functions could be effectively used for predicting ground motions with periods down to about 2-3 s if the surface structure is correctly estimated. However, the vertical component record does not have the reverberations that appear 20 s later in the synthetic seismograms for Model 2, and may be better modeled by Model 1. This may suggest that the actual velocity gradient in the surficial layer is not as sharp as assumed in Model 2. It should also be mentioned that short-period waves with periods of 1-2 s, which appear 10-20 s after the onset particularly on the E-W component, cannot be simulated by the improved model (Model 2) or even by variations of it within a reasonable range. These unexplained phases might be attributable to the faulting process of the main shock, and should be investigated in more detail.
Results from Semi-Empirical Synthesis Using Aftershock Records
In this section, some of the results obtained from the semi-empirical analysis (IMAGAWA and MIKUMO, 1982) 2, instead of all four shocks, are shown in Fig. 12 , where we assumed that its record can be regarded as an approximate Green's function for all fault segments. This figure shows that the long-period waves on two components of the strong-motion records may still be reproduced to some extent by this simplest synthesis. It should be mentioned, however, that the first 10 s of the synthetics lacks short-period components superposed on the long-period waves, and that the peak amplitude ratios between several peaks in the long-period waves are not consistent with those of the records. It is clear from the above results that the semi-empirical synthesis using four aftershocks provides better agreement with the data than using only one aftershock. This result may naturally be accepted in view of a reasonable coverage of the four shocks over the fault.
6. Discussion and Concluding Remarks 6.1 Comparison between the results from the theoretical and semi-empirical analyses One of the purposes of the present study was to examine the validity of using the observed seismograms of minor events as empirical Green's functions. As we have shown in Fig. 7 , some aftershock records may well be regarded as Green's functions for a point source located at one particular fault segment. This is not always the case, however. In some cases, the aftershock records might be affected by a complicated rupture process, if the event had an appreciable source dimension as in the case of aftershock No. 2. Also, the aftershock may have a radiation pattern which is considerably different from that of the main shock. It should also be pointed out that Green's functions change their waveforms to a considerable extent with the source depth, particularly in a complex crustal structure. This implies that an observed record from a minor event, even if it does not involve the above radiation effects, should only be regarded as representing a Green's function for its focal depth. It is, therefore, extremely important to use the records of minor events that are as well distributed at different depths and horizontal locations over the fault plane as possible. Also, it is important to compare them with the corresponding theoretical Green's functions, in order to investigate closely the fault rupture process of the main shock, although the use of only a few minor shocks has given good results in predicting strong motions in some cases under favorable conditions (e.g., IRIKURA, 1983) .
In theoretical synthesis, on the other hand, there are also some problems to be mentioned. The crustal structures, particularly of detailed surficial structures which can seriously effect the recorded waveforms, are not always known to a sufficient degree. As shown for Model 2 in Figs. 6 and 7, low-velocity surficial layers generate large-amplitude converted body waves and surface waves. Incorrect estimates for the surficial structure would lead to unrealistic waveforms. Besides that, various current methods of calculating analytically Green's functions or the response of the medium can only be applied to horizontally layered structure with stepwise or smoothly increasing velocities. Recent seismic studies using inversion techniques have revealed the existence of lateral heterogeneities or threedimensional structures within the shallow crust in tectonically active regions. If small-scale lateral heterogeneities including topographical site effects exist around the area between the source and receiver, there would be some variations of the seismic waveforms. In the theoretical calculations, attenuative properties have not been taken into account. In the above sense, theoretical calculations may not always be complete to generate Green's functions for realistic structures.
The synthetic seismograms obtained from the theoretical and semi-empirical methods are compared here with the actual strong-motion records. As has been discussed in the preceding section, the recorded waveforms, particularly of longperiod body waves and the first portion of surface waves, can be satisfactorily modeled by the theoretical synthesis with a realistic structure, and also, to some extent, by the semi-empirical synthesis with reasonable rupture velocities and rise times. The best agreement between the observed and synthesized waveforms has been obtained for long-period components with periods 5-7 s. The most obvious discrepancy is that the short-period waves with periods 1.5-2.5 s, which arrive 
